Background--Quantitative flow ratio (QFR) has a high diagnostic accuracy in assessing functional stenoses relevance, as judged by fractional flow reserve (FFR). However, its diagnostic performance has not been thoroughly evaluated using instantaneous wavefree ratio (iFR) or coronary flow reserve as the reference standard. This study sought to evaluate the diagnostic performance of QFR using other reference standards beyond FFR.
ratio (iFR), which does not require hyperemia, was developed as an alternative for FFR, 3 and 2 randomized controlled trials demonstrated comparable clinical outcomes between iFR-and FFR-guided strategies with less use of revascularization after iFR-guided treatment. 4, 5 On this ground, recent guidelines recommend the measurement of FFR or iFR in defining the functional significance of intermediate epicardial coronary stenoses as a class IA recommendation. 1 However, the adoption rates of FFR-or iFR-guided percutaneous coronary intervention are still low in real-world practice. 6 As alternative methods to evaluate functional significance of epicardial coronary stenosis, functional coronary imaging has recently emerged, allowing wire-free functional assessment of stenosis severity based on a computational fluid dynamics model or mathematical assumptions of coronary flow. Quantitative flow ratio (QFR) is a 3-dimensional quantitative coronary angiography (QCA)-based computation of FFR, and previous studies have demonstrated excellent correlations and diagnostic agreements with FFR. [7] [8] [9] [10] [11] [12] However, as QFR is calculated using simulated hyperemic status of coronary circulation, 7, 8 this might show discrepancies with iFR-based treatment decision-making, as this latter index is measured during resting status. 13, 14 Nevertheless, data for diagnostic performance of QFR compared with iFR as a reference standard are still limited. 15 In addition, as FFR and iFR are pressure-derived surrogates of coronary flow, and QFR uses simulated coronary flow, the comparison of diagnostic performance of these indices using other independent reference tests, such as coronary flow reserve (CFR), would be more reasonable. 13, 16 For these reasons, we sought to evaluate the diagnostic performance and agreement of QFR using FFR or iFR as reference standards, and also evaluated these 3 physiologic indices using CFR as an independent reference standard.
Methods
Anonymized patient-level data will be made available by the corresponding author upon reasonable request.
Study Population
The study population was derived from previously published studies. 17 Briefly, between April 2016 and June 2018, a total of 118 consecutive patients with acute myocardial infarction (AMI) who underwent clinically indicated physiologic assessment for nonculprit stenosis with visual stenosis of 40% to 80% were included from the prospective Institutional Registry of Samsung Medical Center. 17 AMI was defined as the third universal definition of MI. 18 Data from 203 patients with stable ischemic heart disease (SIHD) were selected from the prospective multicenter registry of comprehensive physiologic assessment, which enrolled consecutive patients who underwent clinically indicated invasive coronary angiography and physiologic assessment from 5 university hospitals in Korea (Samsung Medical Center, Seoul National University Hospital, Inje University Ilsan Paik Hospital, Keimyung University Dongsan Medical Center, and Ulsan University Hospital) (clinicaltrials.gov: NCT02186093).
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Among these populations, 82 patients with AMI (105 nonculprit vessels) and 182 patients with SIHD (253 vessels) were included in the current analysis after excluding vessels without available QFR because of anatomical or angiographic limitations in QFR analysis (Figure 1 ). The excluded patients (57 patients, 17.8%) had limited coronary angiographic image quality for QFR analysis (calibration failure, ostial disease, insufficient projections, tortuous vessels, overlapping of vessels, or poor contrast filling). The study protocol was approved by the institutional review board of each participating center and was conducted according to the principals of the Declaration of Helsinki. All patients provided written informed consent before enrollment.
Invasive Angiography and Measurement of Physiologic Indices
Coronary angiography was performed with standard techniques. After administration of intracoronary nitrate (100 or 200 lg), angiographic views were obtained. QCA was
Clinical Perspective
What Is New?
• Quantitative flow ratio (QFR) showed higher correlation and diagnostic performance for the prediction of fractional flow reserve than instantaneous wave-free ratio; however, the absolute efficacy of QFR to predict instantaneous wave-free ratio was also excellent. In addition, diagnostic performance of fractional flow reserve, instantaneous wave-free ratio, and QFR was comparable when coronary flow reserve was used as a reference method.
What Are the Clinical Implications?
• As QFR does not require additional interrogation with a pressure wire or administration of hyperemic agents, and shows significantly shorter measurement time than invasive physiologic assessment, this might represent a more simple, safe, and cost-effective method to guide revascularization.
• With excellent diagnostic agreement of QFR with both fractional flow reserve and instantaneous wave-free ratio, QFR-guided strategy might be a promising tool for improving the adoption rate of physiology-based revascularization.
performed with optimal projections using validated software (CAAS II, Pie Medical System). From QCA, minimal lumen diameter, reference vessel size, and lesion length were measured and percentage diameter stenosis was calculated. After diagnostic angiography, coronary physiologic indices were obtained as previously described. 19 After engagement of a 5-7F guide catheter without side holes in the coronary artery, the pressure-temperature sensor guide wire (Abbott Vascular) was calibrated and equalized to aortic pressure. Then, it was placed at the distal segment of a target vessel. Before each physiologic measurement, intracoronary nitrate (100 or 200 lg) was administered. Intravenous infusion of adenosine (140 lg/kg per min through a peripheral vein) or intracoronary bolus injection of nicorandil (2 mg) was used to induce hyperemia. 20, 21 Resting distal to aortic coronary pressure (Pd/Pa) was calculated as the ratio of mean aortic pressure (Pa) to mean distal coronary arterial pressure (Pd). iFR was calculated as the mean Pd divided by the mean Pa during the diastolic wave-free period. The resting tracing data were extracted and the iFR was calculated using automated algorithms acting over the wave-free period during a minimum of 5 beats, as previously described.
14 FFR was acquired during maximal hyperemia and was defined as the lowest value of mean hyperemic Pd/Pa. CFR was calculated as resting mean transit time divided by hyperemic resting mean transit time. To derive resting mean transit time, a thermodilution curve was obtained by using 3 injections (4 mL each) of roomtemperature saline in both resting and hyperemic states.
After every measurement, the pressure wire was pulled back to the guide catheter and the presence of pressure drift was checked. All coronary physiologic measurements were performed after diagnostic angiography in patients with SIHD or after percutaneous coronary intervention for the culprit vessel in the nonculprit vessel of patients with AMI. Coronary physiologic data were collected and validated at a core laboratory in a blinded fashion. The cutoff values of FFR ≤0.80, iFR ≤0.89, resting Pd/Pa ≤0.92, and CFR ≤2.0 were used in the current study.
13,14
Computation of QFR Three-dimensional QCA and analysis of QFR were performed by an independent core laboratory with dedicated software (QAngio-XA 3D, version 1.2, Medis) in a blinded fashion for clinical data or invasive FFR, iFR, resting Pd/Pa, or CFR values, as previously described. 8, 9 Briefly, end-diastolic frames of 2 optimal angiography projections, which were separated with angles of at least 25°, were selected and used for 3-dimensional model reconstruction. The 3-dimensional contour model of the segment of interest and its reference vessel were constructed in an automated manner and manual correction of contour was performed, if necessary. After acquisition of fixed QFR, estimated contrast coronary flow was calculated using thrombolysis in myocardial infarction (TIMI) frame-count adjustment, which indicated the frames where contrast entered and exited the segmented part of the vessel. 8 With application of TIMI frame-count adjustment in Figure 1 . Study flow. Among these populations, 82 patients with acute myocardial infarction (AMI) (105 nonculprit vessels) and 182 patients with stable ischemic heart disease (SIHD) (253 vessels) were included in the current analysis after excluding vessels without available quantitative flow ratio (QFR) caused by anatomical or angiographic limitations in QFR analysis. iFR indicates instantaneous wave-free ratio.
the calculation method, the software automatically calculated the contrast QFR value. The cutoff value of contrast QFR ≤0.80 was used in the current study.
8,9
Statistical Analysis
Categorical variables are presented as numbers and relative frequencies. Continuous variables are presented as mean and SD or median with interquartile range according to their distributions, which were checked by the KolmogorovSmirnov test. ANOVA was used for comparison of continuous variables among the groups. Repeated measure correlation coefficients (r) using linear mixed model were calculated to assess the correlations among FFR, iFR, CFR, and QFR for adjustment of multivessel measurements within a patient. The differences of correlation coefficients were tested by the Fisher r-to-z transformation. The agreement between QFR and FFR or between QFR and iFR was tested by Bland-Altman plots. Diagnostic performances of QFR were presented with sensitivity, specificity, positive predictive value (PPV), negative predictive value, and diagnostic accuracy. Diagnostic performances were compared using McNemar test or weighted generalized score statistic. Discriminant function was evaluated using area under the curve (AUC) and 95% CIs in receiver operating curve analysis, and AUC was compared with the DeLong method. To evaluate interindividual variability in QFR assessment, 2 independent researchers analyzed 30 randomly selected cases. The paired measurements were compared using paired sample t test.
All probability values were 2-sided, and P<0.05 was considered statistically significant. The statistical package R, version 3.4.3 (R Foundation for Statistical Computing) was used for statistical analysis.
Results

Baseline Patient and Lesion Characteristics
Baseline patient and lesion characteristics are presented in Table 1 . The mean age was 60.6AE13.3 years and 203 patients (76.9%) were men. Mean percentage diameter stenosis, FFR, iFR, CFR, and QFR were 53.1AE19.0%, 0.80AE0.13, 0.88AE0.12, 3.14AE1.30, and 0.81AE0.14, respectively. The proportions of FFR ≤0.80, iFR ≤0.89, and CFR ≤2.0 were 39.9%, 40.5%, and 23.4%, respectively. The distributions of FFR, iFR, and QFR according to clinical presentation are shown in Figure S1 . Regarding interindividual variability in QFR assessment, the QFR values from 2 independent researchers were nearly the same without significant differences (0.792AE0.107 versus 0.794AE0.109, P=0.919).
Diagnostic Performance of QFR to Predict FFR or iFR
QFR was significantly correlated with FFR and iFR; nevertheless, QFR showed a significantly higher correlation coefficient with FFR than iFR (r=0.863 versus 0.740, P<0.001) ( Figure S2 and Table 2 ). The higher correlation of QFR with FFR than with iFR was similar in both AMI nonculprit and SIHD vessels (r=0.857 versus 0.741 in patients with SIHD, P<0.001; 0.884 versus 0.739 in patients with AMI, P=0.002) ( Figure S2 and Table 2 ). The agreement between QFR and FFR was also higher than that between QFR and iFR in the total population (biasAESD: 0.002AE0.140 versus À0.070AE0.188, P<0.001), and the higher agreement of QFR with FFR than with iFR was also similarly observed in both AMI nonculprit and SIHD vessels ( Figure S3 ). Diagnostic performances of QFR to predict FFR ≤0.80 or iFR ≤0.89 are shown in Table 2 . With FFR as a reference standard, the sensitivity, specificity, positive PPV, negative predictive value, and diagnostic accuracy of QFR were 92.3%, 89.8%, 85.7%, 94.6%, and 90.8%, respectively. With iFR as a reference, the sensitivity, specificity, PPV, negative predictive value, and diagnostic accuracy of QFR were 80.0%, 82.2%, 75.3%, 85.8%, and 81.3%. All indices of diagnostic performance of QFR were higher when FFR was used as a reference than iFR, regardless of clinical presentation (all P<0.05) ( Table 2 ). The distributions of target vessels were not significantly different according to the concordance or discordance of QFR, compared with FFR or iFR (P=0.692 for QFR with FFR; 0.659 for QFR with iFR) (Table S1 ).
The discriminant functions of QFR to predict FFR ≤0.80 or iFR ≤0.89 are shown in Figure 2 and Table 3 . The AUC values of QFR for FFR ≤0.80 or iFR ≤0.89 were 0.953 (95% CI, 0.932-0.974) and 0.880 (95% CI, 0.844-0.917), respectively (P for comparison<0.001). In both patients with SIHD and those with AMI, the AUC values of QFR for FFR ≤0.80 was significantly higher than those for iFR ≤0.89. However, there Values are expressed as estimates with 95% CIs. Correlation coefficient was calculated based on per-vessel analysis using mixed linear model for adjustment of multivessel measurements within a patient. The differences of correlation coefficients were tested by the Fisher r-to-z transformation. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and diagnostic accuracy were calculated based on per-vessel analysis and compared using McNemar test or weighted generalized score statistic. AMI indicates acute myocardial infarction; FFR, fractional flow reserve; iFR, instantaneous wave-free ratio; QFR, quantitative flow ratio; SIHD, stable ischemic heart disease.
was no significant difference in AUC of QFR between the nonculprit vessel of patients with AMI and those with SIHD, regardless of the reference methods used (Table 3) . The discriminant function of QFR to predict resting Pd/Pa ≤0.92 was also evaluated and the AUC values of QFR for iFR ≤0.89 or resting Pd/Pa ≤0.92 were not significantly different (Figure 2 ). In comparison of discriminant functions among QFR, iFR, and resting Pd/Pa to predict FFR≤0.80 as a reference, QFR showed significantly higher AUC than iFR (0.953 versus 0.918, P=0.023) or resting Pd/Pa (0.953 versus 0.909, P=0.023); however, there was no significant difference between iFR and resting Pd/Pa (P=0.682) ( Figure S4 ).
Comparison of FFR, iFR, and QFR Using CFR as an Independent Reference Standard
The discriminant functions of FFR, iFR, and QFR were modest with CFR as a reference standard, although iFR showed a significantly higher discriminant function than FFR or QFR ( Figure 3 and Table 4 ). However, when CFR ≤2.0 was used as a reference standard, the overall diagnostic accuracies of FFR, iFR, and QFR were not significantly different (65.4%, 70.6%, and 64.9%, respectively; all P values in pairwise comparisons >0.05, overall comparison P=0.061) as with sensitivity, specificity, PPV, and negative predictive value (Table 4) .
Among the total population, QFR showed discordance mainly with iFR rather than FFR. QFR disagreed with iFR in 18.7% (67/358 vessels), including 38 vessels with QFR ≤0.80 and iFR >0.89 (10.6%), and 29 vessels with QFR >0.80 and iFR ≤0.89 (8.1%) (Figure 4 and (Figure 4 and Table 5 ). 
Discussion
The current study evaluated the diagnostic performance of QFR to define functionally significant epicardial coronary stenoses using FFR or iFR as reference standard methods. In addition, these physiologic indices were also evaluated using CFR as an independent reference standard. The main findings were as follows. First, QFR showed excellent correlation and diagnostic performance for both invasive pressure-derived physiologic indices (FFR and iFR), regardless of clinical presentation. Second, the correlation, diagnostic performance, and discriminant function of QFR were better for FFR than for iFR. Third, when CFR was used as a reference standard, iFR showed the highest discriminant function in comparison with FFR or QFR, and the discordance between QFR and iFR was mainly driven by differences in the coronary flow (CFR). However, the diagnostic accuracies of FFR, iFR, and QFR were not statistically different using CFR as a reference standard.
Invasive Physiologic Indices in Contemporary Practice
As coronary revascularization is only beneficial when reversible myocardial ischemia is present, there have been numerous efforts to detect the presence of myocardial ischemia. Although many noninvasive tests to assess myocardial ischemia are available, a previous study reported a low diagnostic yield and limited PPV of these tests. 22 Currently, FFR, a pressure-derived physiologic index, has been validated in several large-scale randomized controlled trials and is considered a standard invasive method to define the functional significance of an epicardial coronary stenosis. 2 Recently, another invasive physiologic method, iFR, which can be measured in the resting state without induction of hyperemia, was introduced. 4, 5 Previous studies reported about 10% to 30% disagreement between FFR and iFR in the classification of functional significance of coronary lesions 2 ; however, recent large-scale randomized controlled trials reported comparable clinical outcomes between FFR-and iFR-guided revascularization strategies with less revascularization after the iFR-guided strategy. 4, 5 Consequently, both FFR-and iFR-guided revascularization strategies are included in the recent guidelines with a class 1A recommendation. 1 Nevertheless, the adoption rate of FFR or iFR in real-world practice is still limited.
6,23
Emerging Role of QFR as an Alternative to Invasive Physiologic Assessment
The low adoption rates of FFR-or iFR-guided revascularization strategies might be associated with additional coronary instrumentation and cost of drugs and devices, prolonged procedural time, possible patient discomfort with adenosine administration for FFR measurement, limited confidence with the results, experience, or personal beliefs. 24 To overcome these limitations, there have been several efforts to develop new techniques for assessing functional significance of coronary lesions from noninvasive tests 25 or without additional pressure wire interrogation. QFR is an angiographyderived method that provides functional assessment of coronary stenoses from computation of 3-dimensional QCA and TIMI frame count without additional pressure wire or induction of hyperemia. Previous studies reported excellent correlation and diagnostic agreement of QFR compared with FFR. [7] [8] [9] [10] [11] [12] Furthermore, QFR analysis showed significantly lower measurement time than FFR.
11
Nevertheless, QFR has not been thoroughly evaluated using other reference standards beyond FFR. As the current guideline also recommends the use of iFR-guided decision as class IA recommendation, 1 it is important to evaluate the diagnostic ability of QFR in defining functionally significant stenosis using iFR as a reference standard. In a previous study by Emori et al, 15 QFR showed good correlation with iFR as well as with FFR. Although diagnostic accuracy of QFR was numerically higher with FFR than with iFR (94% versus 74%), that difference was not statistically significant, probably because of insufficient sample size. The current study demonstrates the excellent correlation and diagnostic agreement of QFR not only with FFR but also with iFR. However, QFR was more strongly correlated with FFR than iFR, and diagnostic performance and discriminant function of QFR were better with FFR than with iFR. These results were consistently found in both SIHD and AMI nonculprit vessels. Considering that QFR is derived from the mathematical assumptions for hyperemic status of coronary circulation, the better correlation and diagnostic agreement of QFR with FFR than with iFR seems to be natural. As QFR was originally designed to predict FFR, the current results show the features of QFR rather than which one is correct or which one is better. Furthermore, diagnostic accuracy (81.3%) and discriminant function (AUC=0.725) of QFR for iFR in the current study were also good. Therefore, the findings of this study support the clinical value of QFR in determining the functional significance of coronary stenoses from the iFR point of view. It should be noted that QFR showed wider variance in lesions with a lower range of FFR and iFR ( Figure S3 ). This might be related to the intrinsic limitation of any simulated indices including computed tomography-derived FFR, as these simulated indices cannot inherently reflect the collateral flow or combined microvascular dysfunction. [25] [26] [27] Discrepancies Between QFR and Invasive Pressure-Derived Indices on the Basis of CFR The current study also evaluated FFR, iFR, and QFR using CFR as an independent reference standard. As with previous studies, iFR showed better discriminant function for CFR compared with FFR or QFR. In addition, the discordance between QFR and iFR was mainly caused by differences in patient-specific CFR. In the algorithm of contrast-QFR model, the fixed-QFR value, which assumes an empiric coronary flow, is adjusted to the patient's specific coronary flow using TIMI frame count. 7 Although contrast QFR provided more accurate 
Clinical Implications
The current study evaluated the diagnostic performance of QFR using other reference standards beyond FFR. Although QFR showed higher correlation and diagnostic performance for prediction of FFR than iFR, the absolute efficacy of QFR to predict iFR was also good. In addition, the diagnostic accuracies of FFR, iFR, and QFR were not significantly different when CFR was used for a reference standard. As QFR does not require additional interrogation with a pressure wire or administration of hyperemic agents, and shows significantly shorter measurement time than invasive physiologic assessment, 11 this may represent a more simple, safe, and costeffective method to guide revascularization. With excellent diagnostic agreement of QFR with both FFR and iFR, which are the current standard methods to define functional significance of epicardial coronary stenosis, a QFR-guided strategy might be a promising tool to improve the adoption rate of physiologybased revascularization. Ongoing randomized controlled trials evaluating superiority in clinical outcomes following a QFRguided strategy compared with an angiography only-guided strategy (FAVOR III China, NCT03656848) would clarify the value of QFR in daily clinical practice.
Limitations
There are several limitations in this study. First, clinical outcome data were not evaluated; therefore, we could not evaluate the prognostic implications of QFR-guided treatment. Second, as QFR is an angiography-based method, its accuracy depends on the quality of images and optimal projection. Indeed, about 17% of patients and 26% of vessels were excluded from the QFR analysis based on improper quality of angiographic images. Although these rates were high in the current study, they might be lower with the use of recommended angiographic projections and simultaneous on-site real-time QFR analysis. Third, because the contrast QFR model computes TIMI frame count to adjust the simulation of coronary flow, the quality of contrast injection would have a potential influence on the accuracy of the contrast QFR model. However, there has been no standardization method of contrast injection technique and there was no direct evidence that evaluated the influence of contrast injection technique and the accuracy of contrast QFR. Fourth, various agents (intravenous adenosine or intracoronary nicorandil) were used for hyperemia induction in this study. However, it is reported that all of these agents have similar hyperemic efficacy without systemic bias in FFR measurement. 20, 21 Fifth, CFR can be affected by microvascular function and does not essentially represent epicardial coronary stenosis alone. However, considering the relatively small proportion of vessels with high index of microvascular resistance as well as low CFR (5.7% of total vessels), the influence from the significant microvascular dysfunction might be minimal in the current analysis. Last, contrast FFR, which is another nonhyperemic pressure ratio, was not available in the current study.
Conclusions
QFR has a high correlation and agreement with respect to both invasive pressure-derived indices, FFR and iFR, although better when FFR is used as the comparator. The differences observed between QFR and iFR may be explained by CFR. As a pressure-derived index not depending on wire or adenosine, QFR might be a promising tool for improving the adoption rate of physiology-based revascularization. 
